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Abstract
This paper considers nondestructive evaluation techniques for integrity of austenite stainless steel with mechanical 
fatigue. In order to ensure long time operation of facilities, exact remaining life of each structural component should 
be predicted by estimating the degree of material degradation including earlier stage before crack initiation. To do it, 
specimens with several fatigue degrees are prepared which is suitable for nondestructive evaluation. Austenite 
stainless steel has weak magnetism due to martensite phase induced during processing, whose volume fraction 
increases according to mechanical fatigue and stress concentration. Magnetic flux leakage testing with high 
sensitivity can estimate the extent and the distribution of the fatigued region. When we apply a cyclic magnetic field 
to the specimen, the fatigued region is selectively heated from its magnetic hysteresis, which can be visualized as an
infrared image by a thermography. The mechanical fatigue also influences the acoustic properties of the material 
through the change of the microscopic structure. It is also shown that the acoustic impedance decreases with fatigue.
A phased array ultrasonic transducer is developed to obtain the distribution of theacoustic impedance. Feasibility of 
the proposed techniques is discussed from the view points of qualitative and local estimations.
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1. Introduction
For long time operation and operation rate improvement of nuclear power plants, new Non-Destructive 
Evaluation techniques are required to estimate the integrity of the structural materials with all stages of 
material degradation. Conventional NDE techniques are available to detection and sizing of flaws, while 
they can not estimate the earlier stage of material degradation before crack initiation. Degradation and 
aging of materials used in NPPs were recently summarized by Livingston et al [1] and Andresen et al [2].
The possibilities of various technologies for assessment of early degradation were reviewed by Bond et al
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[3]. In this paper we propose several NDE techniques by use of acoustic, electromagnetic and thermal 
properties of material and verify their applicability from the view points of qualitative and local 
estimation of the fatigue degree. In the next section we consider the requirements for specimens suitable 
for NDE. In section 3 we show the measurement mechanism of the proposed NDE techniques. In section 
4, applying the techniques to the fatigued specimens, we obtain the correlations of the measured data and 
the fatigue degree and visualize the fatigued regions of the specimens. In the last section we discuss the 
feasibility of the proposed NDE techniques.  
2. Fatigued specimens suitable for verification of NDE techniques  
We consider austenitic stainless steel type 304 which has been widely used as structural materials of 
nuclear power plants. Differently from conventional fatigue testsfor microscopic observation, fatigued 
specimens for verification of NDE techniques need the following requirements: (R1) The specimen has a 
flat surface with sufficient area for NDE probes; (R2) Damage starts from the center of one side of the 
surface; (R3) The specimen has a localized fatigued region; and (R4) Specimens with different fatigue 
degrees are prepared. In advance of fatigue test we performed stress analysis of several shapes of SUS304 
specimens by FEM to apply appropriate stress for high-cycle fatigue and stress concentration for 
localization of fatigue, which is omitted to save the space. The designed specimen shape conforms to 
standard ASTM E466-96 as shown in Fig. 1. We apply a cyclic load to specimens with flat surface and a 
minute dimple (non-penetrating cylindrical notch) to obtain the number of cycles to failure. The 
conditions of the fatigue test are as follows: (i) Control: load control; (ii) Stress ratio: R = 1; (iii) 
Frequency: 10 Hz (20 Hz in parts); (iv) Environment: room temperature in air; and (v) Nominal stress 
amplitudes: 170, 180, 185, 190, 200 and 300MPa. Numbers of cycles to failure are plotted in Fig. 2. From 
the results, we employed the nominal stress amplitude 185MPa and the number of cycles to failure 
156,178. We next prepared the specimens with the cumulative fatigue coefficients 0.2 (20%), 0.4 (40%), 
0.6 (60%) and 0.8 (80%) of the fatigue life under the nominal stress amplitude 185MPa. 
 
 
 
 
 
 
 
 
 
 
 
    
Fig. 1. Specimen shape                                                                 Fig. 2. Numbers of cycles to failure for several stress amplitudes 
3. NDE techniques using material properties 
In this section, we briefly describe the principles of three NDE techniques for material degradation. In 
the early stage of material degradation, there will be accumulation of dislocations, distributed micro voids 
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or micro cracks, localized deformation, stress induced phases, etc. Conventional flaw inspection 
techniques cannot be applied to this stage without apparent geometrical changes. There is a possibility, 
however, that such microscopic damages can be detected as the change of the material properties by 
appropriate sensors. When the accumulation of such microscopic damages exceeds a critical limit, 
physical defects such as cracks will start. Then existing advanced flaw inspection techniques may 
estimate their existences and sizes. In this case also, the remaining life of the material depends on the 
distribution of microscopic damages and grain boundaries, the residual stress, the anisotropy, the 
inhomogeneity such as the location of welded parts and HAZ, etc. In other words, measurement of such 
local material states as well as defect size is also necessary for precise remaining life estimation. 
3.1. Acoustic Impedance Method 
The acoustic impedance is the product of the mass density and the mechanical wave speed. A 
conventional ultrasonic flaw inspection utilizes reflected pulses to obtain the location of reflectors and the 
strength of the reflections. In general the received waveform includes small disturbances from each point 
of the inhomogeneous region as a convolution. According to Izumiya et al [4], by de-convolution of the 
received waveform with respect to the incident one, the layered distribution of the acoustic impedance 
can be obtained as a function of the flying time of the wave in the form: 
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where x(t) is the position of the wave at time t, and FZ and GZ are, respectively, the Fourier spectra of 
the incident and the received waveforms. Matsumoto et al [5, 6] presented the algorithm to obtain the 
two-dimensional distribution of the acoustic impedance by applying the aperture synthesis to the de-
convoluted waveform, and applied to estimation of the inhomogeneity induced by fatigue by constructing 
a new phased-array ultrasonic system.  
3.2. Magnetic Leakage Flux Method 
New magnetic sensors with high sensitivity can detect the weak leakage flux resulting from the 
magnetic inhomogeneity. Scanning such a probe with high spatial resolution enables us to obtain the 
precise distribution of the leakage flux density which can be applied to estimation of defect shapes, see 
Abe et al [7]. Austenite stainless steel is considered as a non-magnetic material, while the ferromagnetic 
martensite phase is also generated from the stress-induced phase transformation during processing. When 
a cyclic load is applied to the specimen, the local volume fraction of the martensite phase will increase 
around the stress-concentrated region, which will bring the local increase of the magnetic permeability 
and the residual magnetization. In order to apply the leakage flux method to quantitative estimation of 
material degradation, we should obtain the correlation of the leakage flux density and the fatigue degree.  
3.3. Thermal Method 
If the specimen with a surface defect is heated by a certain method, the temperature distribution will 
occur around the defect from the difference in the heat transfer to the air. Such a temperature distribution 
can be visualized as an infrared image by a thermography, which can be used as a NDE technique of 
surface defects. If the magnetic field with a low frequency is applied to the specimen with defects or 
magnetic inhomogeneity, the region with larger magnetic flux density will be selectively heated because 
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the work done by the external magnetic field is dissipated by the magnetic hysteresis, refer to Yamada et 
al [8]. Infrared images by the hysteresis heating may be applied to the mechanical fatigue. 
4. NDE results of material degradation 
In order to verify the applicability of the NDE techniques described in the previous section, we shall 
obtain the correlations between the measured data and the fatigue degree. The applicability to estimation 
of the local fatigued region will be also discussed. The FEM analysis shows that the stress is concentrated 
at the side and the bottom of the cylindrical notch so that the regions will be the most fatigued. 
4.1. Acoustic impedance method 
The distribution of the acoustic impedance in the depth direction of the specimen is calculated from (1), 
where Uc{x(0)} is the acoustic impedance at the specimen surface. The surface acoustic impedance can be 
calculated by the reflection coefficient of the specimen surface, i.e. the ratio of the incident and the 
reflected pulse heights at the contact surface between the specimen and the delay shoe of the ultrasonic 
probe. Figure 3 indicates the averaged surface acoustic impedance at each element of the phased array 
ultrasonic probe near the introduced notch for each fatigue phase. We see that the acoustic impedance 
decreases with the fatigue degree. Figure 4 shows the vertical distribution of the acoustic impedance at 
the longitudinal cross section of 80% fatigued specimen. The colored pattern at the lower part denotes the 
bottom shape of the cylindrical notch, where the spatial resolution 0.1mm is much improved compared 
with the ultrasonic image by conventional phased array systems. The blue pattern in the centre of the 
image indicates the region with low acoustic impedances and hence larger fatigue degrees. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Surface acoustic impedance at each fatigue degree                            Fig. 4. Vertical acoustic impedance at 80% fatigue 
4.2. Magnetic leakage flux method 
We apply a sufficiently strong magnetic field in the normal direction of the specimen surface and 
remove it. Then the magnetization will remain at each material point according to the volume fraction of 
the ferromagnetic phase. We next scan a small Hall type magnetic sensor on the specimen surface with a 
fixed liftoff. Figure 5 shows the maximum absolute value of the normal leakage flux component from the 
residual magnetization of the specimen with each fatigue degree. We see that the maximum normal 
leakage flux increases with the fatigue degree. The distribution of the normal leakage flux around the 
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notch of 80% fatigued specimen is shown in Fig. 6. We see that the normal leakage flux is larger in the 
side region of the notch where the stress is concentrated and hence the local fatigue degree is larger. 
 
 
 
 
 
 
 
 
 
 
 
 
 
          
 
Fig. 5. Maximum normal leakage flux at each fatigue degree                  Fig. 6. Distribution of normal leakage flux at 80% fatigue 
4.3. Thermal method 
We apply the cyclic magnetic field with 60Hz for 40sec in the normal direction to the specimen 
surface for each fatigue degree. The resulting temperature distribution on the specimen surface near the 
notch during the hysteresis heating is obtained by the infrared thermographyat 5 flames per second. 
Figure 7 indicates the increase ratio of the averaged temperature per flame in the side region of the notch 
during heating period. It is found that the temperature increase ratio becomes larger with the fatigue 
degree, which will be caused by the increase of the volume fraction of the martensite phase near the 
fatigued region. Figure 8 shows the distribution of the temperature increase by hysteresis heating, where 
we see that temperature increase is larger at the edge of the notch and around there. The temperature 
increase interior of the notch is scaled out to emphasize the one outside of the notch. The spatial 
resolution and the precision of the temperature measurement of the employed thermography is not high, 
and the more precise temperature analysis with hysteresis heating is left as a future subject.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Temperature increase ratio at each fatigue degree                      Fig. 8. Distribution of temperature increase at 80% fatigue 
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5. Conclusions 
In the previous section, it is shown that the measured data by the acoustic, the magnetic and the 
thermal NDE techniques have monotone correlations with the fatigue degree if we neglect small 
fluctuations. The specimen with each fatigue degree is different from each other, so that there may be 
variations in material properties due to the inherent microstructural variability in the parent plate, as well 
as further variability introduced in specimen preparation and the fatigue test condition. Each method can 
identify the distribution of the fatigued region on the specimen surface or the vertical cross section. In a 
logical sense, we can transform the distributions of measured data into those of the fatigue degree, while 
several subjects should be solved to do it. In order to obtain reference data (curves) for realistic fatigue 
conditions it will be necessary to develop normalized results, such that the correlations are applicable to 
different shapes and sizes of objects, in different conditions of stress and various measurement schemes. 
Fatigue cracks were not observed in the specimens even at the highest fatigue level 80%. This implies 
that the number of loading cycles does not necessary correspond to the growth of cracks. In other words, 
for the specimens, the material and the load conditions considered in this paper, the most part of the 
fatigue life is still in the precursor stage of crack initiation. This fact emphasizes the necessity of new 
NDE techniques to estimate the material degradation before crack initiation. 
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